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P
reexisting rarefaction of the cerebral white matter, leukoaraiosis (LA), has been identified to worsen outcome after ischemic stroke, 1,2 which has been partly attributed to a reduced brain reserve capacity for injury. 3 In addition, LA severity has been associated with the size of the ischemic lesion, which is a critical predictor of poststroke outcome. [4] [5] [6] [7] [8] [9] However, given LA's subcortical predilection and association with hypoperfusion, 10 it is conceivable that larger lesion volumes and poorer outcomes of patients with LA may have been the result of early and extensive infarction of subcortical components of cerebral networks owing to selection of patient with proximal large artery occlusions in previous studies. 4, 5 Indeed, severe LA has been associated with larger ischemic core volumes, 5 as well as reduced functional recovery after isolated striatocapsular infarction supporting this notion. 11 Conversely, decreased cortical vascular density has been noted in patients with LA, 12 which could diminish cortical ischemic tolerance and thereby worsen outcomes. Yet, although most studies have noted decreased blood flow within the cerebral white matter, investigations on cortical grey matter perfusion in affected patients have yielded conflicting results. 10, 13 Thus it remains to be shown whether LA-associated cortical microvascular rarefaction truly affects ischemic resilience of the cerebral cortex.
To better understand how LA may modulate cortical ischemic susceptibility and whether this relates to outcome, we assessed the final cortical infarct volume and 90-day functional outcome in patients with distal middle cerebral artery occlusion and without potentially confounding subcortical infarction.
Methods

Study Population
We conducted a retrospective analysis of consecutive patients with acute ischemic stroke admitted to a single academic center from May Background and Purpose-Leukoaraiosis (LA) predominantly affects the subcortical white matter, but mounting evidence suggests an association with cortical microvascular dysfunction and potentially decreased cortical ischemic tolerance. Thus, we sought to assess whether preexisting LA is predictive of the cortical infarct volume after middle cerebral artery branch occlusion and whether it relates to a worse outcome. Methods-We analyzed data from 117 consecutive patients with middle cerebral artery branch occlusion as documented by admission computed tomography angiography. Baseline clinical, laboratory, and outcome data, as well as final cortical infarct volumes, were retrospectively analyzed from a prospectively collected database. LA severity was assessed on admission computed tomography using the van Swieten scale grading the supratentorial white matter hypoattenuation. Infarct volume predicting a favorable 90-day outcome (modified Rankin Scale score ≤2) was determined by receiver operating characteristic curves. Multivariable linear and logistic regression analyses were used to identify independent predictors of the final infarct volume and outcome. Results-Receiver operating characteristic curve analyses indicated that a final infarct volume of ≤27 mL best predicted a favorable 90-day outcome. Severe LA (odds ratio, 
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2010 through March 2013. The study included patients with middle cerebral artery branch occlusion distal to the M1-segment (defined as an occlusion beyond the bifurcation and located within the proximal M2 to distal M3 segments) on computed tomography (CT) angiography (CTA). All patients had head CT or brain MRI performed 1 to 7 days after presentation. Patient demographics, laboratory data, comorbidities, preadmission medications, treatment modality (conservative management versus acute intervention [intravenous thrombolysis and endovascular recanalization]), and stroke pathogenesis (using the Trial of Org 10172 in Acute Stroke Treatment [TOAST] classification) after completion of diagnostic evaluation were collected on all patients. National Institutes of Health Stroke Scale (NIHSS) and modified Rankin Scale (mRS) scores were assessed at the time of presentation and at 90 days by a stroke-trained physician or stroke study nurse, certified in mRS. 2 When the mRS was unavailable, the same observers reconstructed the score from the case description, according to the mRS criteria. 2 This study was reviewed and approved by the institutional review board.
Neuroimaging Protocol
All CT sequences were obtained on a 64-row detector Philips scanner. CT was performed in a nonhelical mode at 120 kVp and 200 mA with data reconstruction at 5 mm axial slices. CTA was performed using 64×0.625 mm detector configuration with a pitch of 0.673 from the arch of aorta to the vertex using 120 kVp, 300 mA, and 0.5 s rotation time. Patients received 60 to 80 mL of Isovue 370 (Bracco Diagnostics, Princeton, NJ) in the antecubital vein at a rate of 4 mL/s through a power injector followed by 40 mL saline. Three-dimensional orthogonal maximum intensity projection images were created in 3 planes. Standard diffusion weighted images were acquired on a 1.5-Tesla whole-body MRI scanner (GE Signa; GE Medical Systems, Milwaukee, WI) using a protocol described in detail elsewhere. 14 Ischemic lesions were measured manually on follow-up imaging.
Image Review and Analysis
CT, CTA, and diffusion weighted images were reviewed independently by experienced readers blinded to both clinical data and any follow-up scans. Variable window width and center-level settings were used for optimal ischemic hypoattenuation detection with CT and CTA. 2, 5, 15 LA was defined as supratentorial white matter hypoattenuation on admission head CT according to the STandards for ReportIng Vascular changes on nEuroimaging criteria 16 and graded on a 5-point scale using the van Swieten scale as previously detailed. 2, 5, 17 Lesions in the subcortical gray matter were not considered. Furthermore, care was taken to exclude perivascular spaces and lacunes of presumed vascular origin. The latter were defined as a sharply marginated lowdensity lesion measuring between 3 and 15 mm in diameter on CT without mass effect and location within a recognized territory of 1 perforating arteriole consistent with a previous acute small subcortical infarct or hemorrhage as previously described. 5, 16 CTA maximum intensity projection images were used to assess collateral status as follows: collaterals for the regions of the Sylvian fissure and the perilesional leptomeningeal convexity distal to the M2 or M3 occlusion and within the affected hemisphere were graded as compared with contralateral, unaffected hemisphere as follows: 1=ab-sent; 2=less than the contralateral normal side; 3=equal to the contralateral normal side; 4=greater than the contralateral normal side; and 5=exuberant. 5, 15 To avoid classification bias and to minimize inter-rater variability, 5 we also dichotomized the degree of LA (van Swieten  scale 
Statistics
Unless otherwise stated, continuous variables are reported as mean±SD or as median±interquartile range. Categorical variables are reported as proportions.
Receiver operating characteristic (ROC) curves were plotted to determine the optimal infarct volume and admission NIHSS score cut points predicting a favorable 90-day outcome (mRS ≤2), respectively. Optimal thresholds were determined by maximizing Youden index (sensitivity+specificity−1). 18 Between-group comparisons for continuous variables were made with unpaired t test, Mann-Whitney U test, and Kruskal-Wallis with post hoc Dunn method, as appropriate. Categorical variables were compared using the χ 2 test or Fisher exact test as appropriate. Variables significantly associated with the final infarct volume in the univariable analysis (P<0.1) were included in the multivariable logistic regression model with backward elimination (likelihood ratio) to identify independent predictors for a final infarct volume of ≤27 mL. Collinearity diagnostics were performed for all multivariable linear and logistic regression models. Infarct volumes were log-transformed to provide a suitable distribution for linear regression analyses.
Two-sided significance tests were used throughout and a 2-sided P<0.05 was considered statistically significant. All statistical analyses were performed using IBM SPSS Statistics version 20.0.0 (IBM, Armonk, NY).
Results
During the study period, 1288 patients were admitted with diagnosis of acute ischemic stroke in the anterior circulation. Of these, 159 had an imaging confirmed distal middle cerebral artery occlusion, 117 of whom eventually met the eligibility criteria. Of note, 12 (10%) patients of these have been included in prior investigations. 2, 5 Reasons for exclusion were basal ganglia infarction (n=12); prior ipsilesional stroke (n=2); hemorrhagic conversion with mass effect or otherwise poor image quality at follow-up precluding reliable LA or infarct volume assessment (n=19); lacking follow-up imaging (n=6); and loss to follow-up in clinic (n=3). Baseline characteristics of the included 117 patients as stratified by LA severity are summarized in Table 1 .
To test our primary hypothesis that there is a continuous relation between LA grade and size of final infarct volume, we performed correlative analyses in the included patients (n=117). The median infarct volume in this population was 12 mL (interquartile range, 4.0-28.4 mL). Table 2 shows the bivariable associations with final lesion volume. There was a significant positive correlation between larger infarct volumes and worse LA (P<0.001; Figure1C) . Figure 1A and 1B shows example cases with and without severe LA and their respective final cortical infarcts. In addition to LA severity, bivariable comparisons with final infarct volume also showed a significant association with prior warfarin use, collateral status, 90-day outcome, triglyceride level (assessed within 24 hours of admission), admission white blood cell count, and admission NIHSS ( Table 2 ). The association between preexisting LA severity and final infarct volume remained statistically significant in the multivariable linear regression accounting for other bivariable predictors (P=0.001; Table 3 ).
ROC curve analyses indicated that a final infarct volume cut point of 27 mL (area under ROC curve, 0.836; 95% confidence sensitivity, 0.859; specificity, 0.687) best predicted a favorable 90-day outcome in the studied population. Thirty-four (29%) patients had an infarct volume >27 mL. When the data were dichotomized using this threshold, preexisting severe LA predicted an infarct volume >27 mL (P<0.001). Table I in the online-only Data Supplement summarizes the baseline characteristics as stratified by the dichotomized final lesion volume. Additional factors associated with an infarct volume >27 mL (unadjusted) were poor collateral status (P<0.001), higher admission white blood cell count (P=0.008), lower triglyceride levels (P=0.032), longer length of hospital stay (P=0.003), greater admission NIHSS (P<0.001), and a worse 90-day mRS (P<0.001). The association of higher high-density lipoprotein cholesterol levels (P=0.079), acute intervention (P=0.078), and antihypertensive therapy (P=0.094) with infarct volume ≤27 mL only approached significance. The association between severe LA and infarct volume >27 mL remained statistically significant in the multivariable logistic regression accounting for the other bivariable predictors (P=0.001; Table 4 ). In this model, admission NIHSS, length of hospital stay, and 90-day mRS were not included because they are a consequence of infarction but not a cause.
We then repeated all logistic regression analyses using a 12-mL infarct volume cut point, which best predicted an excellent outcome (mRS, 0-1; area under ROC curve, 0. When restricting the analyses to patients with MRI-defined infarct volumes (n=81), multivariable linear regression analysis showed a significant association among LA severity (P=0.008), collateral status (P<0.001), and acute intervention (P=0.038) with final infarct volume (not shown). In multivariable logistic regression, severe LA (P=0.040), poor collateral status (P=0.044), and conservative management (P=0.027) were associated with infarct volumes >27 mL (not shown).
When restricting analyses to patients with M2 occlusions (n=93), poor collateral status (P<0.001) and severe LA (P=0.001) were independently associated with infarct volumes >27 mL (not shown).
Finally, multivariable logistic regression analysis indicated a significant independent associations between a poor 90-day outcome (mRS 3-6) and severe LA (OR, 3.074; 95% CI, 1.055-8.961; P=0.040), as well as an infarct volume >27 mL (OR, 9.156; 95% CI, 3.191-26.270; P<0.001). Collateral status (P=0.845), triglyceride level (P=0.960), and admission white blood cell count (P=0.301) were not significantly associated with a poor 90-day outcome (Table II in the online-only Data Supplement). To gain a better understanding whether LA can serve as a useful independent prognostic factor at baseline, we performed secondary multivariable regression analyses for baseline variables (including the admission NIHSS with or without final infarct volume, respectively) associated with a good 90-day outcome. These analyses confirmed LA's independent association with 90-day outcome (Tables III and IV in the online-only Data Supplement). The association between LA grade and 90-day mRS (unadjusted) is summarized in Figure 2 .
Discussion
The key findings of this study are that the severity of preexisting, subcortical LA is an independent predictor of the final cortical infarct volume and contributes to a worse outcome in patients with middle cerebral artery branch occlusion.
LA is frequently present in the elderly, particularly if they have additional vascular risk factors, and it portends a worse long-term prognosis including increased risk for dependence and death. 3, 19, 20 The mechanisms by which LA severity affects poststroke outcome are not entirely clear but cognitive impairment, depression, difficulties in walking, and urinary incontinence have been consistently associated with functional dependence in affected patients. 20 In addition, affected patients are at particularly high risk for future ischemic stroke, 21 which contributes to a worse prognosis. 20 However, this association seems to be independent of the number of ischemic infarcts. 
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Thus, our observations are important because they provide additional insight into how LA may contribute to a worse outcome, namely by increasing infarct extent. Greater infarct volume is a critical predictor of poststroke outcome, which is thought to be mediated via immediate destruction of discrete cortical domains, functional network disruption, adverse immunologic phenomena, worse response to treatment, as well as greater risk for hemorrhagic transformation. [6] [7] [8] [9] 22, 23 Our finding of greater cortical infarct extent may be related to cortical microvascular rarefaction 12 ; however, this issue has not been formally addressed in prior studies investigating the association between stroke size and LA. 4, 5, 12 On the contrary, studies investigating cortical perfusion in patients with LA have yielded conflicting results, 10, 13 and perfusion CT-based analysis suggested that LA particularly affected core growth. 5 Importantly, the association of LA with the final infarct volume in our study was independent of other modulators of infarct growth, including collateral status and acute intervention with intravenous thrombolysis and endovascular therapy. 5, 24 Thus, our data expand on the notion that LA is associated with cerebral pathology beyond its visible aspects on standard neuroimaging 25, 26 and together with prior studies provide evidence for the hypothesized link among cortical microvascular rarefaction, chronic hypoperfusion, and decreased ischemic resilience. 3 Additional mechanisms by which LA may modulate ischemic tolerance in remote (cortical) tissue include increased hypercoagulability, 27 platelet activation, 28 and genetic variants implicated in ischemic pathogenesis. 29 Further research is needed to confirm our findings and clarify the potential contribution of such factors. Interestingly, although LA and lesion volume were important outcome predictors in our study, LA's contribution to outcome was independent of the measured infarct volume. This observation is consistent with prior study, 1, 11, 30 highlighting that LA's impact on poststroke outcome is likely multifactorial. Besides increasing acute lesion extent, LA is associated with cortical neuronal death, as well as quantitative and qualitative white matter disconnection, 25, 26, [31] [32] [33] [34] [35] which results in decreased cerebral plasticity and thus greater poststroke functional impairment. 25, 26, [31] [32] [33] [34] [35] The present study has several strengths and limitations. The strengths are the relatively large sample size, a well-defined patient population, investigation of various variables that have been associated with lesion volume, and blinded assessment of LA severity. Our study has limitations related to its retrospective design and should be considered hypothesis generating. Although every patient underwent CT imaging, only 70% had a follow-up MRI. Yet, including patients in our study that were ineligible for MRI (eg, because of MRIincompatible pacemaker placement) allows for better generalization. Importantly, sensitivity analysis restricted to patients with MRI confirmed the independent association of LA with infarct volume. Furthermore, misclassification of LA is possible given the CT-based visual grading system. However, we have previously shown high interobserver agreement of this approach, which is easy to perform, does not require extensive postprocessing, is broadly available, and can be applied to routinely acquired CT scans obtained for the early evaluation of patients with stroke. 1, 5, 17 Finally, although our data show a strong association between LA and infarct volume, a causal relationship remains to be fully established.
In conclusion, our data indicate that the severity of LA is associated with greater cortical infarct volumes and worse functional outcomes. These findings add to the growing body of evidence that LA negatively affects the brain beyond its visible boundaries on standard neuroimaging. This knowledge may aid in the early identification of patients at higher risk for poor outcome, as well as in the development and monitoring of new strategies to assess and maintain cortical integrity in affected patients. 
